We have studied strong-field enhanced dissociative ionization of D 2 O in 40 fs, 800 nm laser pulses with focused intensities of < 1 − 3 × 10 15 W /cm 2 by resolving the charged fragment momenta with respect to the laser polarization. We observe dication dissociation into OD + /D + dominates when the polarization is out of the plane of the molecule, whereas trication dis- channel has higher yield. By analyzing how the laser field is oriented within the molecular frame for both channels, we show that enhanced ionization is driving the triply charged three body breakup, but is not active for the doubly charged two body breakup. We conclude that laser-induced distortion of the molecular potential suppresses multiple ionization along the C 2v axis, but enhances ionization along the D-D direction.
We have studied strong-field enhanced dissociative ionization of D 2 O in 40 fs, 800 nm laser pulses with focused intensities of < 1 − 3 × 10 15 W /cm 2 by resolving the charged fragment momenta with respect to the laser polarization. We observe dication dissociation into OD + /D + dominates when the polarization is out of the plane of the molecule, whereas trication dissociation into O + /D + /D + is strongly dominant when the polarization is aligned along the D-D axis. Dication dissociation into O/D + /D + , and O + /D 2 + is not seen, nor is there any significant fragmentation into multiple ions when the laser is polarized along the C 2v symmetry axis of the molecule. Even below the saturation intensity for OD + /D + , the O + /D + /D + channel has higher yield. By analyzing how the laser field is oriented within the molecular frame for both channels, we show that enhanced ionization is driving the triply charged three body breakup, but is not active for the doubly charged two body breakup. We conclude that laser-induced distortion of the molecular potential suppresses multiple ionization along the C 2v axis, but enhances ionization along the D-D direction.
I. INTRODUCTION
The ionization of molecules in strong ultrafast laser fields is a fundamental subject in laser-matter interactions, and also has relevance for laser chemistry and laser-induced plasmas.
1-7 , Strong-field molecular ionization is affected by vibrations and rotations: Laserinduced bond stretching tends to enhance ionization, 8 while laser-driven bond alignment changes the polarization angle-dependent laser-electron coupling.
9,10 Because of the strong-field coupling to these additional degrees of freedom, molecular ionization cannot be understood from simple low frequency tunneling theories developed for atomic systems.
11 Modifications to tunneling ionization appropriate to molecular orbitals have been proposed, 12 but these become complicated in lighter molecules, where strong-field interactions with bonding orbitals can initiate fast nuclear motion leading to new phenomena such as induced multiple ionization.
1
To date, almost all experiments investigating the interplay between nuclear motion and ionization have involved linear molecules or symmetric tops 13, 14 . An exception is water, where strong-field induced electron removal from the inner-valence HOMO-1 bonding orbital initiates bending motion on the timescale of 800 nm laser field oscillations. Studies comparing D 2 O and H 2 O have shown that this affects the spectrum in high harmonic generation (HHG).
15
In this paper we have studied the dissociative multiple ionization of water in strong 800 nm focused laser fields. We examine dissociation channels where two or three electrons have been removed, and reconstruct the full momentum of all dissociating ions in coincidence, as well as the kinetic energy released in the coulomb explosion. Our results show how nuclear bending motion in a) Electronic mail: mccragre@stanford.edu the water molecule leads to dramatically enhanced multiple ionization in particular geometries, validating the general predictions of strong-field enhanced ionization.
1
The enhancement is strongest when the laser is polarized along the D-D axis, where it couples most strongly to electrons in the HOMO-2 valence orbital (see Fig. 1 ). At the same time, we find that when the laser is polarized along the C 2v axis where it couples most strongly to the HOMO-1 orbital, multiple ionization is nearly completely suppressed. While this second finding seems to contradict the general principles of enhanced ionization in strong fields, it may be due to a laser-induced shift in FIG. 1. The three valence orbitals of D2O are shown with the laser polarization aligned along the direction that has the highest probability of strong field ionization. The dominant channel is found to be O+/D+/D+ at each intensity studied in this paper. Hits from this channel are shown on the detector. The molecular frame analysis suggests that the O+/D+/D+ channel is driven by alignment with the D-D bond, indicating the importance of the HOMO-2 orbital.
orbital energy and geometry as the molecule unbends.
II. EXPERIMENTAL METHODS
The experiments are performed in a vacuum chamber at a base pressure of 3 × 10 −10 mbar fitted with electrostatic focusing elements and a Roentdek time-and position-sensitive hex-anode delay-line detector.
16 The target is D 2 O gas at 300K in the tight focus of a 40 fs, 800 nm laser pulse. The focal volume and gas density yield fewer than one ionized molecule per laser pulse on average. The electrostatic lenses direct all charged fragments to the detector, and the arrival time and position of each ion determines its mass and momentum.
The intensity in the laser focus is scanned between 7 × 10 14 W /cm 2 and 2 × 10 15 W /cm 2 , calibrated by comparing charge state ratios of argon in the same focus. 17 The laser propagation axis and polarization are in the detector plane, as shown in Fig.1 . Data used in this analysis were accumulated over 250 million laser pulses at a 1 kHz repetition rate (69 hours). All ion hits were separately recorded for later analysis.
III. RESULTS AND ANALYSIS
The data were analyzed to identify all ionization channels that produce 2 + or 3 + charge states of D 2 O. False coincidences, in which ions from more than one molecule were detected in the same shot, were efficiently eliminated by requiring that the momenta sum to nearly zero. This also misses partially ionized channels, including three-particle breakup where one of the particles was neutral such as O/D + /D + ; but those can be recovered in a different way, described below. Of the four possible channels with non-neutral fragments, only two are seen:
Both channels can be seen easily in Fig. 2a , which plots the kinetic energy release (KER) against the angle θ between the momentum vector of one of the D + particles and the laser polarization. These two channels occupy distinct regions in this plot.
The two-body dication decay O + /D + 2 is not seen, although it been noted in previous excitation studies:
is a significant decay channel in 1s core exctation of water, 18 and also occurs in VUV excitation of the water cation.
19 This channel has also been reported in a previous strong-field ionization study, but the branching fraction was small, and could only be seen for the shortest pulses. The angle-dependent coupling of the molecular orbitals to the laser in the low-frequency limit is proportional to F 0ǫ · µ, where F 0ǫ is the laser field vector and µ is the dipole moment of the orbital.
12 For the p-type valence orbitals of water, the dipole moments are perpendicular to the nodal plane of the orbital. As shown in Fig.1 , this means that the (1b 1 ) HOMO orbital couples to the laser polarization alongx M , perpendicular to the molecular plane; the (3a 1 ) HOMO-1 orbital couples to the laser polarization alongẑ M , the C 2v axis; and the (1b 2 ) HOMO-2 orbital couples to the laser polarization alongŷ M , the D-D axis. These three perpendicular axesx M ,ŷ M , andẑ M in the molecular frame define the molecular alignment.
For the OD + /D + channel, Fig.2a shows that the dissociation axis is predominantly perpendicular to the laser polarization, i.e. the strong field of the laser is orthogonal to the molecular plane. Since the polarizability of the lone-pair HOMO is along this direction, ionization from this orbital likely plays a role (see Fig.1 ). Ionization from the HOMO is involved in the excitation of the lowest dication states. 24, 25 Furthermore, the KER of the OD + /D + channel is similar to that found in PIPICO studies using single photon excitation near the vertical excitation energies of the lowest dication states. 22, 26 The KER also has a relatively narrow distribution. This indicates that there is minimal nuclear motion during the ionization. Indeed, removal of a HOMO electron prepares the cation in the ground state which has a very similar equilibrium geometry to the neutral ground state.
27,28
Therefore, alignment of the laser field out of the molecular plane drives ionization of the HOMO, and leads to of the strong field normal to the molecular plane,
is driven by alignment of the field in the molecular plane. To show dependence on alignment, we reconstruct the molecular frame for each event by taking advantage of the symmetry of the dissociation. The orientation with respect to the laser field can then be determined. Fig.3a shows the normalized O + momentum versus the difference of normalized D + momentum for each event in the channel. The vertical line at a D + momentum difference of zero indicates that the breakup is symmetric. Because of the symmetry, we can use the momenta of the fragments to reconstruct the molecular axes in a straightforward manner.
The molecular axes in the lab frame are then determined by the O + momentum (ẑ M ), and the cross product of D + momenta (x M ).ŷ M is found by completing the right handed coordinate system. For each event, the laser polarization is oriented within the molecular frame. . This channel has a strong preference for alignment along the D-D bond. Orientation of the laser field with respect to the molecule is described by a polar angle, αM , and an azimuthal angle βM . Fig.3b shows the results, along with a description of the spherical coordinate system used to describe the orientation of the laser field. The analysis shows that the polarization is primarily in the molecular plane for the O + /D + /D + channel, and preferentially along the D-D bond. Therefore, in plane alignment of the strong field leads to triple ionization and a symmetric dissociation, and out of plane alignment leads to double ionization and a asymmetric fragmentation into OD + /D + . We have seen that the field orientation plays a large role in the yield for both channels. More strikingly, double ionization is significantly less probable than triple ionization over the whole range of intensities used here. The probabilities of the OD + /D + and O + /D + /D + channels across different intensities are shown in Fig. 4 . Since these are the only two channels with appreciable yield for each intensity, and there are no stable states of the dication, 24 the yield of each channel gives the probability for double and triple ionization. Triple ionization is always more probable than double ionization, even be- where stretching of the angular bond was shown to be important. Fig. 5a shows the distribution of dissociation angles, γ, for the
This dissociation angle is related to the bond angle upon coulomb explosion. Significant angular stretching can be seen to occur, especially at higher intensity. Since the laser field is predominantly aligned to the D-D bond in this channel, it can interact with the polarizability of the HOMO-2 and cause the molecule to become more linear.
Sub-structure can be seen in the γ distribution, indicating multiple pathways to enhanced ionization. Fig. 5b shows that the KER varies with γ in a non-monotonic manner. This further suggests that there are different pathways to enhanced ionization with unique critical values for both angular and O-D bonds.
Although Fig.2b . This channel is known to be a significant pathway for dication states that are excited by the removal of electrons from lower orbitals.
21,31
Since the laser field is in the molecular plane for enhanced ionization, ionization involves removal of the electrons from inner orbitals of D 2 O, so the dications created are in excited states. Below the saturation point for triple ionization, which is around 2.1I 0 according to Fig. 4 , there should be appreciable probability for O/D + /D + . Since this is not seen, removal of a third electron may be driven by autoionization, or multiphoton resonant ionization pathways.
Enhanced ionization is also suppressed for field alignment alongẑ M , as shown in Fig.3b . This is peculiar since field alignment alongẑ M would allow for stretching of the OD bonds due to interaction with the HOMO-1. Studies of isoelectronic H 2 S in high intensity 800 nm pulses have shown that ionization rates are also significantly lower with the laser polarization along the symmetry axis.
32
Effects such as the re-ordering of orbital energies due to the strong field driven nuclear distortion should be considered in understanding the suppression of enhanced ionization in bent triatomics along a particular in-plane axis. 
IV. CONCLUSION
In this work, we saw two dominant ionization pathways for strong-field double and triple ionization from D 2 O: an asymmetric OD + /D + channel driven by laser field alignment orthogonal to the molecular plane, and a symmetric O + /D + /D + channel driven by field alignment along the D-D bond. Triple ionization was found to be more likely than double ionization, even below the saturation intensity for double ionization. This is partly due to enhanced ionization only being active for the O + /D + /D + channel, where the laser field can effectively induce bond stretching. However, it is curious why the O/D + /D + channel cannot be a product of enhanced ionization as it is a primary dissociation pathway in the dication. Mechanisms such as autoionization or multiphoton resonant ionization might be involved in the ionization process when the strong field is in the molecular plane. Furthermore, the apparent suppression of enhanced ionization along the symmetry axis is intriguing. It is worth investigating if suppression of enhanced ionization along a particular axis is a general feature in bent triatomics.
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